A deficiency of arylsulfatase A (ASA) causes the lysosomal storage disease metachromatic leukodystrophy, which is characterized by accumulation of the sphingolipid 3-O-sulfogalactosylceramide (sulfatide). Sphingolipid storage results in progressive demyelination and severe neurologic symptoms. The disease is lethal, and curative therapy is not available. To assess the therapeutic potential of enzyme replacement therapy (ERT), ASA knockout mice were treated by intravenous injection of recombinant human ASA. Plasma levels of ASA declined with a half-time of 40 min, and enzyme was detectable in tissues within minutes after injection. The uptake of injected enzyme was high into liver, moderate into peripheral nervous system (PNS) and kidney and very low into brain. The apparent half-life of endocytosed enzyme was 4 days. A single injection led to a time-and dose-dependent decline of the excess sulfatide in PNS and kidney by up to 70%, but no reduction was seen in brain. Four weekly injections with 20 mg/kg body weight not only reduced storage in peripheral tissues progressively, but also were surprisingly effective in reducing sulfatide storage in brain and spinal cord. The histopathology of kidney and central nervous system was ameliorated. Improved neuromotor coordination capabilities and normalized peripheral compound motor action potential demonstrate the benefits of ERT on the nervous system function. Enzyme replacement may therefore be a promising therapeutic option in this devastating disease.
INTRODUCTION
Metachromatic leukodystrophy (MLD) is an inborn error of the sphingolipid catabolism and results from an inherited functional deficiency of the lysosomal enzyme arylsulfatase A (ASA; E.C. 3.1.6.8.) (1) . ASA-deficient cells accumulate the acidic sphingolipid 3-O-sulfogalactosylceramide (sulfatide), which is hydrolyzed by ASA under normal circumstances. The accumulating sulfatide is incorporated into lysosomal storage deposits, which exhibit typical ultrastructure and metachromatic staining characteristics. Lysosomal storage is observed in a variety of tissues and cell types including epithelial cells and myelinating cells. As the disease advances, Schwann cells and oligodendrocytes are compromised, resulting in a widespread and devastating demyelination in the peripheral (PNS) and central nervous system (CNS). In the most frequent form of the disease (late infantile form), neurologic symptoms start around the age of 2, progress rapidly and cause premature death within the first decade. A considerable number of patients suffer from a juvenile or adult form of the disease. Allogeneic hematopoietic stem cell transplantation is the only therapeutic option for MLD to date. However, while deceleration of disease progression may occur in late-onset patients, transplantation usually has no effect on severely affected early-onset patients (2) .
ASA knockout mice develop a disease which resembles MLD (3 -5) . Thus, they display storage deposits with a distribution and ultrastructure which is virtually identical to those in patients. The mice develop neurologic symptoms reminiscent of the human disease comprising gait disturbances, reduced motor coordination abilities and hyperactivity (3, 6, 7) . The symptoms become apparent at 1 year of age, but they do not reduce the life expectancy of the mice. The mild phenotype has been explained by the lack of widespread demyelination (3, 8, 9) . The limited demyelination in mice can be attributed to the short life span, which does not allow for the development of cellular dysfunctions, causative for demyelination. The mice therefore represent an appropriate animal model, particularly to investigate therapeutic interventions in an early stage of the human disease.
ASA knockout mice have been recently treated by bone marrow stem cell gene therapy (7,10 -13) . Bone marrow cells from ASA-deficient donor mice were transduced with retroviral vectors, which mediate overexpression of the human ASA, and the genetically modified cells were subsequently transplanted into ASA knockout mice. The gene therapy studies demonstrated that the human ASA can compensate for the lack of the murine ASA in vivo. Lysosomal storage of sulfatide could be reduced, for example, in epithelial cells of kidney and liver (7) . The metabolic correction of these cells is due to a transfer of human ASA from donortype cells to recipient cells via a release/uptake mechanism (14) . This cell-to-cell transfer pathway is shared by other soluble lysosomal enzymes and involves delivery of a fraction of the newly synthesized enzyme from enzyme-producing cells, the diffusion of the released enzyme to recipient cells and its receptor-mediated endocytosis and targeting to the lysosomal compartment.
As well as transplantation-based therapy approaches enzyme replacement therapy (ERT) depends on receptor-mediated endocytosis to deliver a therapeutic enzyme to the lysosomes of deficient cells (15, 16) . In contrast to transplantation-based regimens the enzyme is, however, recombinantly expressed by cultured cells and injected into the circulation as a purified product. The curative potential of ERT has been demonstrated for a number of lysosomal storage diseases (LSDs). ERT with glucocerebrosidase is routinely used in the non-neuronopathic type I variant of Gaucher disease. More than 10 years of clinical experience indicate that the therapy is a big success in managing this disease (17) . More recently ERTs for Fabry disease, mucopolysaccharidosis type I and other LSDs have been developed (15) . ERT has been shown to reduce lysosomal storage in the visceral tissues, but not in the CNS. The inaccessibility of the CNS by ERT has been considered to be a general limitation of ERT for LSDs. However, recent preclinical studies in mouse models for aspartylglucosaminuria and a-mannosidosis revealed that intravenous injection of the therapeutic enzyme can also reduce cerebral storage in certain LSDs (18, 19) . The reasons why the CNS is amenable to ERT in some species and/or diseases are entirely unclear. Data on ERT in MLD are so far lacking. To assess the corrective potency of ERT in MLD, we therefore analyzed the pharmacokinetics and pharmacodynamics of recombinant human ASA (rhASA) in ASA knockout mice. We provide the first proofof-principle for the feasibility of ERT in an animal model for MLD.
RESULTS
Characterization of the CHO-rhASA SDS -PAGE and MALDI-TOF analysis of preparations of rhASA expressed in Chinese hamster ovary cells (CHOrhASA) detected a compound of correct size and the absence of contaminants (Fig. 1A and B) . Wild-type human ASA has three N-linked carbohydrates with a combined molecular mass of 5 -6 kDa (20) . Treatment with PNGase F Figure 1 . In vitro analyses of CHO-rhASA. (A) SDS-PAGE of naive (2) and deglycosylated (þ) enzyme. Gels were stained with Coomassie blue. The masses of protein standards (std) are indicated. Treatment with PNGase F causes a shift of the ASA band owing to the loss of N-linked carbohydrates. (B) MALDI-TOF analysis. rhASA isolated from secretions of CHO cells exhibits a correct size of 57 kDa and the enzyme preparation lacks major contaminants. The minor peak at 29 kDa (ASA/2) represents the doubly charged molecule. (C) MALDI-TOF analysis of CHO-rhASA treated with a low concentration of PNGase F. The limited deglycosylation yields four products. They presumably represent rhASA, which bears three, two, one or no N-glycan(s). The mass pattern therefore suggests that all three potential N-glycosylation sites of the CHO-rhASA are glycosylated. (D) M6P-dependent endocytosis of CHO-rhASA by BHK cells analyzed by ELISA. BHK cells were incubated with 1 mg CHO-rhASA per ml medium for 20 h in the presence or absence of 10 mM M6P. Other dishes were supplemented with 10 mM G6P as a control. The complete block of endocytosis by M6P indicates that BHK cells internalize CHO-rhASA via M6P receptors. This indicates the presence of M6P residues on CHO-rhASA. The data are expressed as mean +SD, n ¼ 3.
reduced the apparent molecular mass of CHO-rhASA, indicating glycosylation of the recombinant enzyme (Fig. 1A) . After reacting the CHO-rhASA with low concentrations of PNGase F, MALDI-TOF analysis revealed four deglycosylation intermediates (Fig. 1C) , possibly representing the polypeptide linked to three, two, one and no N-glycan(s). The mass difference between the products with the highest and the lowest mass is in the range of 5 kDa, suggesting full glycosylation of the enzyme. To evaluate the mannose phosphorylation of CHO-rhASA, the mannose-6-phosphate (M6P)-dependent endocytosis of the enzyme was evaluated by an in vitro feeding assay. The assay revealed efficient endocytosis of CHO-rhASA by BHK cells (Fig. 1D) . Furthermore, uptake could be completely blocked by M6P, but not by glucose-6-phosphate (G6P). It can be concluded that CHO-rhASA bears M6P residues.
Pharmacokinetics and biodistribution of CHO-rhASA after single dosing ASA knockout mice were first treated by a single injection of CHO-rhASA into the tail vein.
To determine the rate of rhASA clearance from the circulation, plasma levels of enzyme were analyzed at different times after infusion of 20 or 40 mg enzyme per kg body weight ( Fig. 2A) . For both doses, the plasma levels reached a maximum in the first minutes after injection and declined from then on. Irrespective of the administered dose, rhASA was cleared from plasma with a half-time of 40 min. To evaluate the kinetics of tissue uptake, mice were perfused at different times after infusion and several organs were analyzed for rhASA concentrations. Immunoreactivity for rhASA could be detected 10 min after treatment with 40 mg/kg in all tissues ( Fig. 2B and C) . In liver which acquired the highest enzyme concentration (discussed subsequently), the enzyme levels increased 4-fold within the next 5 h and dropped thereafter until day 14 to 4% of the maximum level (Fig. 2B) . The kinetics was similar for kidney, sciatic nerve and brain (Fig. 2C) . Independent of the differences between the tissue-specific uptake rates, the enzyme was eliminated from all tissues within a comparable time course. Thus, the half-life of immunologically detectable rhASA in liver, kidney, sciatic nerve and brain ranged 4 days ( Fig. 2B and C) . It is striking that the maximum concentration of rhASA differed by more than three orders of magnitude between liver and brain 5 h after infusion ( Fig. 2B and C) . To analyze the biodistribution of rhASA in more detail, ASA knockout mice were infused with increasing doses of rhASA and tissues were analyzed 8 days later by ELISA. A roughly linear, dose-dependent increase of the enzyme concentration could be detected in kidney and peripheral nerves (Fig. 2D) . However, the majority of the infused enzyme was found in liver (shown for 20 mg/kg in Fig. 2E ). When compared with liver, the rhASA concentrations were 7% in kidney, ,0.05% in brain and 12 -15% in sciatic nerve and brachial plexus. Taking the different masses of these tissues into consideration, it can be calculated that 97% of the retrievable enzyme was found in liver, 3% in kidneys and ,0.1% in the CNS and peripheral nerves.
Reduction of sulfatide levels after single dosing of CHO-rhASA
To evaluate the therapeutic potential of CHO-rhASA treatment, ASA knockout mice were intravenously infused with a single dose of 40 mg CHO-rhASA per kg body weight and lipids were extracted from kidney 8 days later. Thin-layer chromatography (TLC) of the lipid extracts revealed a prominent decline of sulfatide levels in enzyme-treated ASA knockout mice when compared with mock-treated controls (Fig. 3A) .
The time dependence of sulfatide reduction was investigated in a second experiment. For that purpose, sulfatide levels were determined in kidneys at different times after injection of 40 mg/kg (Fig. 3B ). Significant clearance of sulfatide could be detected as soon as 5 h after infusion and the extent of reduction increased until day 8. At that time, around two-thirds of the excess sulfatide were cleared from kidney. Six days later sulfatide re-appeared and the residual mean sulfatide level rose by 22 %. To determine the dosedependence of sulfatide reduction, mice were treated with different doses of CHO-rhASA and analyzed 8 days later. Ten mg/kg resulted in a significant decline of sulfatide storage in kidney (Fig. 3C ). The extent of sulfatide clearance increased with increasing doses, and a roughly linear relation between dose and loss of sulfatide was detectable.
To evaluate effects of enzyme replacement on the lipid catabolism of the nervous system, total brain, sciatic nerve and brachial plexus from the differently treated animals were also analyzed. When compared with kidney, where sulfatide levels increased 10-fold in aged ASA knockout mice ( Fig. 3B and C) , the nervous system showed only a roughly 2-fold elevation of sulfatide levels (Figs 3D -F and 4B -D). Single dosing with 40 mg/kg had no effect on sulfatide storage in brain (Fig. 3D ). However, a significant decline was detectable in the sciatic nerve (Fig. 3E ) and the brachial plexus (Fig. 3F ). Enzyme doses of 10 and 20 mg/kg reduced the mean sulfatide storage in peripheral nerves, to a lower extent and the difference to control tissues was statistically not significant ( Fig. 3E and F) .
Reduction of sulfatide storage after repeated dosing of CHO-rhASA
The unexpected high efficacy of single enzyme doses in reducing sulfatide levels in peripheral tissues provided the rationale to evaluate the therapeutic potential of repeated injections. We chose a treatment schedule based on up to four injections of 20 mg CHO-rhASA/kg once a week. Sulfatide levels were analyzed 8 days after the last injection in kidney, peripheral nerves and brain of mice treated by one, two, three or four injections (Fig. 4) .
TLC revealed that sulfatide declined progressively with an increasing number of infusions in all peripheral tissues. After the fourth treatment, 65% of excess sulfatide was cleared from kidney and brachial plexus ( Fig. 4A and D) and 82% from the sciatic nerve (Fig. 4C ). In brain, no decline of sulfatide was detectable after the first, second and third treatments (Fig. 4B ). However, after the fourth treatment, the sulfatide level was significantly reduced by 13% on average. This represents a clearance of 30% of excess sulfatide from brain.
To verify the sulfatide reduction in the CNS of mice treated by four injections, brain and spinal cord were histologically analyzed. In the CNS white and gray matter of mock-treated knockout mice, the distribution of sulfatide storage as visualized in 100 mm sections by selective staining with alcian blue was identical to that previously described for ASA knockout mice (9) . According to size, two types of storage patterns could be distinguished: (a) large (.20 mm) alcianophilic profiles corresponding to phagocytes and macrocellular neurons stuffed with sulfatide-storing lysosomes and (b) small (,5 mm) alcianophilic profiles corresponding to oligodendrocytic processes filled with numerous storage lysosomes and possibly other cell types with low amounts of storage material (Fig. 5) . The large alcianophilic profiles could be ascribed to phagocytes and neurons, on the basis of their appearance in the thick sections (Fig. 5, inset) . In neuronal perikarya, the nucleus is clearly visible as an unstained structure surrounded by alcianophilic material, whereas phagocytes appear as bizarre-shaped spots, in which the nucleus usually cannot be seen because it is superimposed by numerous large storage lysosomes. The ultrastructural equivalents of these light microscopic features have been described (9) . The visual inspection of 100 mm slices from brain and spinal cord of rhASA-treated mice revealed that the large sulfatide-storing phagocytes could no longer be identified neither in the white nor in the gray matter, whereas the large alcianophilic neurons in the gray matter were still observed (as shown for the brain stem in Fig. 5D ). Small alcianophilic profiles were abundant in rhASA-treated mice, both in the white and gray matter.
Storage was further investigated by automated quantification of storage deposits in spinal cord using the imageprocess software Image J. For a separate analysis of the large storage deposits typical for phagocytes and neurons and the small deposits of oligodendrocytes, two size categories of alcian blue-positive particles were differentiated. A diameter of 8 mm (resembling an area of 20 pixels under the chosen settings) was taken as threshold for the allocation into the two categories. The statistical analysis of the raw data revealed a significant decline of the frequency of particles !8 mm by 86 and 68% in the white and gray matter of enzyme-treated mice, respectively (Table 1 ). In contrast, the frequency of particles ,8 mm was unchanged in the two regions. (A and B) Overview to outline the regions shown at higher magnification in the photomicrographs subsequently. 7n, root of facial nerve; CbN, cerebellar nucleus; icp, inferior cerebellar pedunculus; PnC, pontine reticular nucleus; VC, ventral cochlear nucleus; Ve, vestibular nucleus. (C and D) Abducens nucleus (6 N) and adjacent regions (7g, genu of facial nerve). In the mock-treated mouse, alcianophilic material (sulfatide) is seen in many cells, of which phagocytes and neurons can be identified (marked by triangles and circles, respectively, in the inset). In the rhASA-treated mouse, alcianophilic material is seen mainly in neurons. (E and G) and (F and H) Inferior cerebellar pedunculus (icp) as an example of a white matter tract. In the mock-treated mouse, numerous large alcianophilic phagocytes are seen, only a few of which are in the optic focus in (G) (some are marked by circles). The small alcianophilic granules may be associated with oligodendrocytes, which cannot be identified at this magnification, however. In the rhASA-treated mouse, the icp shows only small alcianophilic structures suggesting that the sulfatide-storing phagocytes are decreased in size and/or number. The overall staining of the cerebellar and vestibular nuclei in (F) is reduced because alcianophilia is restricted mainly to neurons and has largely disappeared from phagocytes. Bars: 500 mm in (A and B); 100 mm in (C and D); 200 mm in (E and F); 10 mm in (G, H and insets of C and D).
In the sciatic nerves (data not shown), storage was seen in Schwann cells and macrophages, the latter of which occurred, however, rather infrequent. Mock-treated and rhASA-treated animals did not show clear differences.
Apart from the nervous system, the kidney was also histologically analyzed. Kidneys of mock-treated mice displayed the same sulfatide storage patterns as previously described (21) . Storage was intense in thin limbs and thick ascending limbs of Henle's loop and moderate in distal convoluted tubules and collecting ducts (Fig. 6) . After four enzyme injections, the storage material was almost completely cleared from the distal convoluted tubules (Fig. 6J) and storage was clearly reduced in the upper portions of the thick ascending limbs (Fig. 6G) . However, the storage in thin limbs and collecting ducts persisted and resembled that of mock-treated mice ( Fig. 6B -E) .
The analysis of the kidney also revealed a significant 1.4-fold increase of the kidney wet weight in 9-month-old ASA knockout mice when compared with wild-type controls (data not shown). Interestingly, enzyme replacement reduced and partially normalized the increased kidney size. The extent of reduction was statistically significant after the third and fourth treatment (Student's t-test, P , 0.05), and the kidney weight declined to 1.2-fold of normal after four injections (data not shown). In a second independent experiment, the mean kidney weight of 12-month-old knockout mice was 1.5-fold increased when compared with wild-type mice (data not shown). It declined significantly (Student's t-test, P , 0.05) to 1.1-fold of normal after four injections of enzyme (data not shown). Liver and brain were weighed as controls and no significant differences were detectable between the experimental groups for these organs (data not shown).
Enzyme replacement improves the nervous system function ASA knockout mice develop nerve conduction impairments and a number of neurologic symptoms. To measure putative therapeutic effects on neurologic parameters, the compound motor action potential (CMAP) and the rotarod performance were examined.
Neurophysiological studies of the sciatic nerve were done 6 days after the fourth treatment of 12-month-old mice. After distal stimulation, age-matched wild-type control animals showed a normal CMAP with an amplitude of 19.0 + 1.7 mV (mean + SD, n ¼ 8), a latency of 0.84 + 0.11 ms and a duration of 3.3 + 0.36 ms (Fig. 7A) . Mock-treated ASA-deficient animals showed a less compact motor response with significantly reduced mean amplitude (15.6 + 3.9 mV, P , 0.05) and increased duration (4.1 + 0.31 ms, P , 0.01). The mean latency and the nerve conduction velocity were 0.81 + 0.09 ms and 45.4 + 8.8 m/s, respectively, and not significantly different from that of wild-type mice (Fig. 7A) . Treatment with CHO-rhASA resulted in an increase of the amplitude to normal values (20.4 + 5.9 mV, P , 0.05) and a significant decrease of the duration (3.8 + 0.35 ms, P , 0.05). Thus, the impaired conduction of the sciatic nerve was virtually normalized after treatment with rhASA. Similar data were obtained after proximal stimulation, and the data were reproduced in an independent experiment using mice of another treatment series (data not shown).
Previous behavioral tests revealed progressive deficits of ASA knockout mice in balancing on a slowly rotating rod (6,7). To determine effects of treatment on motor coordination, mice were tested before the first and after the third infusion of CHO-rhASA by rotarod experiments. In a first study, mice at a mean age of 9 months were analyzed. In the test before treatment, wild-type mice were successful in 32 of 40 trials (80%), whereas the two groups (yet untreated) of ASA knockout mice were successful in 22 of 40 (55%) and 25 of 40 (63%) trials (data not shown). Thus, the data confirmed that behavioral deficits of ASA knockout mice are already detectable, but still comparably mild at 9 months of age (6) . After treatment of one group of knockout mice with three weekly doses of 20 mg CHO-rhASA/kg, the same three groups were re-analyzed 4 weeks later. When compared with the first test, the mean success of rhASA-treated mice was improved by 27% and reached 82%. In contrast to this group, the mean performance of wild-type and mocktreated controls was only improved by 10 and 5%, respectively (Fig. 7B) . Thus, by a combination of treatment and training, 9-month-old ASA knockout mice acquired the ability to stay on the rod with a higher frequency than untrained wild-type mice of the same age.
To investigate effects on more advanced motor coordination disabilities, 12-month-old mice (3 months older than the mice in the first study) were analyzed in another experiment. Now the percentages of successful mice before treatment were 43% (wild-type controls), 18% (ASA knockouts destined for mock treatment) and 10% (ASA knockouts destined for treatment with rhASA) on average (data not shown). After treatment, 65% of wild-type controls and 13% of mock-treated ASA knockout mice were successful (Fig. 7C) . However, the mean percentage of rhASA-treated knockout mice increased to 31%. Thus, also in elder mice with progressed coordination impairments, motor coordination could be substantially improved by three treatments with CHO-rhASA. 
DISCUSSION
The corrective potency of ERT depends on the internalization and correct lysosomal targeting of the therapeutic enzyme after systemic administration. Several receptor systems, including the M6P/insulin-like growth factor II receptor, are involved in the uptake and intracellular sorting of soluble lysosomal enzymes (15, 22) . The histological analysis of mice, which have been recently treated by gene therapy, revealed that human ASA can diminish sulfatide storage in hepatic and renal epithelia after expression from genetically modified cells of the hematopoietic system in vivo (7). These results suggested that also the human ASA can be internalized via cell surface receptors and delivered to the lysosomal compartment. ERT might therefore also be a therapeutic option for MLD. A recently established protocol, which allows purification of rhASA on a large scale, enabled us to assess the potential of ERT in a mouse model for MLD. Consistent with the concept of endocytosis via cell surface receptors, intravenously injected CHO-rhASA was efficiently cleared from the systemic circulation and started to accumulate in tissues within minutes ( Fig. 2A -C) . Cell culture experiments revealed that CHO-rhASA bears M6P residues and uses the M6P receptor-dependent pathway for cell entry (Fig. 1D) . The BHK cells which were utilized in this in vitro assay do not express other receptors for lysosomal enzymes. Therefore, it cannot be decided to which extent other receptors, such as the mannose receptor or the asialoglycoprotein receptor, compete for the binding and endocytosis of substituted CHO-rhASA under in vivo conditions. Approximately 30% of the total amount of injected rhASA could be retrieved from dissected mouse organs 5 h after intravenous injection of 40 mg/kg (data not shown). Among the retrievable fraction, .90% was localized to liver, whereas kidney and peripheral nerves shared the vast majority of the remaining enzyme (Fig. 2E) . A comparison with previous data about ASA activities in wild-type mice (10) suggests that enzyme levels after rhASA treatment were 95-fold (liver), 1.2-fold (kidney), 0.6-fold (peripheral nerves) and 0.001-fold (brain) of normal on average.
One intravenous injection of rhASA led to a pronounced time-and dose-dependent decline of sulfatide storage in kidney and peripheral nerves (Fig. 3) . This is the first proof that ERT using ASA is effective in reducing the sulfatide storage in vivo. Notably, as soon as 5 h after injection of 40 mg/kg, a significant decline of sulfatide storage in kidney was detectable (Fig. 3B) . Eight days after treatment storage was diminished to a minimum and up to 70% of the excess sulfatide had vanished from kidney ( Fig. 3B ) and peripheral nerves ( Fig. 3E and F) .
When compared with previous gene therapy experiments, in which TLC did not reveal a significant decline of the mean concentration of sulfatide in total kidney (7), both the velocity and the extent of storage reduction were surprising. The difference between the two studies is striking because the steady state level of human ASA in kidney, which was achieved by transplantation, was 1.3-fold of normal on average and thus virtually the same as the maximum level reached by a single injection of 40 mg CHO-rhASA/kg (discussed earlier). Thus, CHO-rhASA which was present in kidney only for a couple of days eliminated more than two-thirds of excess sulfatide, whereas a similar amount of enzyme did not reduce the mean storage when it was stably expressed from cells of the hematopoietic system for almost 1 year. The dependence of the therapeutic efficacy on the cell type which expresses the enzyme points to cell type-specific differences in the biosynthesis of human ASA. Cell culture studies suggested that human ASA is inefficiently phosphorylated by cells of the hematopoietic system, but efficiently phosphorylated by CHO and BHK cells (23) (Fig. 1D) . Phosphorylation is, however, important for therapeutic efficacy in ASA knockout mice and animal models for other LSDs (11, 24) . A low Asterisks indicate a significant difference (Student's t-test, P , 0.05). (B) Rotarod performance of mice at a mean age around 9 months (9.2 + 1.1 months). ASA knockout mice (closed triangles, n ¼ 7) were analyzed at days 2 and 3 after the third treatment with 20 mg CHOrhASA/kg. Age-matched wild-type mice (circles, n ¼ 10) and mock-treated ASA knockout mice (open triangles, n ¼ 10) were analyzed as controls in parallel. The percentages of mice which were able to balance on a slowly rotating rod for at least 4 min were determined in four consecutive trials. (C) Rotarod performance of mice at a mean age of 12 months (11.8 + 1.1 months) . The treated mice were tested at days 2 and 3 after the third injection of 20 mg CHO-rhASA/kg. Legend and group sizes are as in (B), except n ¼ 14 for rhASA-treated knockout mice. phosphorylation of human ASA by hematopoietic cells and a high phosphorylation by CHO cells may thus explain the partial failure of bone marrow stem cell gene therapy and the success of ERT in ASA knockout mice.
The single-dose experiments indicated that clearance of storage is only transient and sulfatide re-accumulated in the second week after treatment (Fig. 3B) . The partial re-accumulation of storage can be explained by the limited half-life of the internalized rhASA. It was in the range of 4 days (Fig. 2B and C) and thus very similar to the tissue half-lives of other lysosomal enzymes in preclinical ERT studies (18, 25, 26) . The re-accumulation of sulfatide necessitated a regimen based on repeated enzyme injections to maintain or even enhance storage reduction over the long range. Repeated treatment with 20 mg CHO-rhASA per kg resulted in a stepwise decline of sulfatide storage in peripheral tissues (Fig. 4A, C and D) . Up to 65 and 82% of excess sulfatide could be eliminated from kidney and peripheral nerves by four injections, respectively. The histological analysis of kidney revealed the most prominent decline of sulfatide storage in the cortex (Fig. 6) . Here, storage was abolished or greatly reduced in distal convoluted tubules and in the upper portion of the thick ascending limbs of Henle's loop, respectively. At present, it is unclear why these segments of the nephron respond more clearly to ERT than other segments. Possibly, the region specificity is determined by the expression pattern of the receptor(s), which endocytose rhASA.
To our surprise, repeated dosing did reduce storage not only in peripheral tissues, but also in the CNS. This was first evidenced by TLC of brain lipids, which showed a decline of sulfatide by 13% after the fourth treatment (Fig. 4B) . However, reduction of CNS storage was more clearly seen in the morphological analysis. Histology of brain and spinal cord revealed a strikingly reduced frequency of the enlarged sulfatide-storing phagocytes throughout the CNS (shown for brain stem in Fig. 5) . Thus, the reduction of sulfatide levels in the CNS appears to be mainly due to clearance of lipid from these phagocytes representing activated microglial cells (3) rather than from neurons or oligodendroglia. This observation was confirmed by software-assisted analysis of sulfatide storage deposits in spinal cord. The recorded alcian bluepositive deposits were divided into two size categories (,8 and !8 mm) to differentiate between the small (,5 mm) profiles of oligodendrocytes and the large (.20 mm) profiles typical of phagocytes and neurons. The statistical analysis of the frequencies of the two categories revealed a significant decline of the large deposits from the white and gray matter by roughly 90 and 70%, respectively (Table 1) . Because neuronal storage need not be considered in the white matter, the reduction by 90% seen in this region can be ascribed to the loss of sulfatide storage from phagocytes. The less dramatic clearance of large deposits from the gray matter may be explained by the persistence of storage in neuronal perikarya. In contrast to large deposits, the frequency of small deposits did not decline. At present, we cannot decide whether and to which extent other cells but oligodendroglia may have, in enzyme-treated mice, contributed to the small alcianophilic profiles, such as phagocytes with greatly reduced amounts of storage material.
It has been shown recently in animal models for Krabbe and Sandhoff diseases that microglial activation plays a major role in the pathogenesis of these related sphingolipid storage diseases (27,28). Microglial activation is also prominent in ASA knockout mice in the second year of life (3) . Reduction of sulfatide storage in microglial cells can therefore be expected to be beneficial even in the absence of detectable clearance of sulfatide from other glial cells and neurons.
The sulfatide clearance from the CNS is difficult to explain. Because the blood -brain barrier prevents direct transfer of rhASA from the circulation to the CNS, the brain did not acquire enzyme levels exceeding 0.1% of wild-type levels during the treatment period of 4 weeks ( Fig. 2C and E ). Such a low enzyme level is typical for the most severe form of MLD (1), and it is therefore unlikely that it can be effective in correcting the catabolic defect of phagocytes in the mouse CNS. Alternatively, the clearance might be explained by a displacement of the storing phagocytes through blood-derived phagocytes, which have endocytosed rhASA prior to immigration into the CNS. However, although macrophage progenitors migrate continuously from the periphery into the adult brain and differentiate into subpopulations of the microglial compartment (29 -33) , this process is very slow and does not allow for the replacement of a substantial fraction of microglia within 4 weeks. Thus, it was calculated that immigration adds less than one blood-derived microglial progenitor to 1000 resident microglial cells per day in wild-type mice (30) . Therefore, 4 weeks should permit replacement of only 2-3% of the microglial cell population. This estimate has been experimentally verified in wild-type mice (32) , and a comparably low rate of cerebral cell immigration has been measured in ASA knockout mice by quantitative PCR following bone marrow transplantation (10) . It is therefore not probable that the phagocytes with reduced amounts of sulfatide as seen in the enzyme-treated mice were mainly blood-derived. A third, although highly speculative, possibility is that the sulfatide is not hydrolyzed in the CNS, but exported from the phagocytes to peripheral cells by a still unrecognized transport mechanism. The driving force for this export might be an increasing imbalance of the equilibrium between sulfatide storage in the CNS and peripheral tissues owing to the ASA-catalyzed hydrolysis of sulfatide in the periphery. This hypothesis postulates the communication of cellular sulfatide pools across the blood -brain barrier and the existence of a transport machinery for sulfatide. Further experiments are required to test these hypotheses and to determine the mechanism by which sulfatide storage in the CNS is reduced.
The functional consequences of the reduced sulfatide concentration in the nervous system were investigated by electrophysiological and behavioral studies. Recordings of the CMAP in the sciatic nerve of untreated ASA knockout mice suggested an impaired conduction of a subset of axonal fibers. This was indicated by a significantly lower and broader amplitude in the presence of a normal nerve conduction velocity (Fig. 7A) . Treatment decreased the duration and increased the height of the flattened amplitude demonstrating the abrogation of inhibitory effects. This corrective effect might be associated with the critical role of sulfatide in the organization of paranodal axoglial junctions and the correct clustering of voltage-gated Na þ and K þ channels along the axolemma (34 -36) . The possibility to reverse changes of the CMAP by a comparably short exposure to recombinant enzyme might have great implications for the treatment of MLD. Because PNS symptoms prevail before the end stage of MLD, ERT might substantially retard the disease progression and improve the quality of life. This notion is supported by the rotarod data in mice, indicating improvement of the motor coordination both at an early and at a more advanced stage of the disease (Fig. 7B and C) . Notably, the therapeutic effects described in this study were achieved in a treatment period of only 1 month. Long-term treatment over several months might be even more effective and is required to determine the full therapeutic potential of ERT. Nowadays, long-term studies are not realizable, because ASA knockout mice develop an immunological response to the repeatedly infused CHO-rhASA. Anti-ASA antibodies were detectable for the first time after the third infusion and their serum titer increased after the fourth injection (data not shown). Anaphylactic reactions prevented the treatment of the mice for more than 4 weeks. The available ASA knockout mouse model is completely deficient for ASA (3) . In contrast, most of the human MLD patients express a mutated variant of the ASA polypeptide (1). The constitutive expression of such a mutated variant is likely to induce a partial or complete immunological tolerance to the correctly folded wild-type enzyme. ASA knockout mice, which express an enzymatically inactive mutant of the human ASA from a stably integrated transgene, would therefore represent a better model for most MLD patients than the conventional ASA knockout mouse and possibly allow long-term enzyme replacement studies without severe immunological complications.
In summary, the present study provides the first proof-ofprinciple for the feasibility of ERT in an animal model for MLD. Quantitative biochemical assays and histological techniques demonstrated that intravenous injection of rhASA partially restores the normal sulfatide catabolism in peripheral tissues of ASA-deficient mice. Furthermore, ERT also has a clear sulfatide clearance effect in the PNS and in the CNS. Repeated treatment also results in the improvement of the increased kidney size, the CNS histopathology and behavioral parameters. The extent of metabolic correction substantially exceeds the therapeutic efficacy of previous BMT experiments including bone marrow stem cell gene therapy.
MATERIALS AND METHODS
Production, purification and analysis of CHO-rhASA CHO-rhASA was purified from secretions of chinese hamster ovary (CHO) cells overexpressing the human ASA from the expression plasmid pASAExp1 (Zymenex A/S, Hillerød, Denmark). The purification protocol will be outlined elsewhere. The specific activity of the enzyme preparation was .60 U/mg. The CHO-rhASA was rebuffered in 1Â TBS, pH 7.4, to a concentration of 2.5 -4.3 mg/ml and was analyzed by SDS -PAGE and MALDI-TOF spectroscopy. MALDI mass spectra were collected using a Voyager-DE STR BioSpectrometry workstation (Perspective Biosystems, Inc., Framingham, MA, USA) equipped with a 337 nm nitrogen laser. Measurements were taken manually in linear, positive ion mode at a 20 -24 kV acceleration voltage, 90% grid voltage and 200 ns delayed ion extraction. Each mass spectrum obtained was the sum of 300 unselected laser profiles on one sample preparation. Sinapinic acid was used as matrix. For partial or complete deglycosylation of CHOrhASA, 1 mg enzyme was reacted with 1 or 500 mU PNGase F (Roche Diagnostics, Mannheim, Germany) for 20 h at 378C. The endocytosis assay was done with 1 mg CHO-rhASA per ml medium for 20 h, as described earlier (37) . ASA was measured by an indirect sandwich ELISA and an activity assay (10, 38) .
Treatment of the mice
ASA knockout mice and wild-type controls with the mixed genetic background C57Bl/6J Â 129ola (3) were kept under standard housing conditions in accordance with the current German law on the protection of animals. All experiments were approved by the local committee for animal welfare (Bezirksregierung Köln, reference number 50.203.2-BN 24, 18/04). Experiments were done with 8 to 12-month-old animals. Depending on the animal weight and the concentration of the CHO-rhASA stock, 200 -300 ml enzyme solution (CHO-rhASA in 1Â TBS pH 7.4) was administered by an intravenous bolus injection into the tail vein. Control animals were injected with 250 ml 1Â TBS pH 7.4.
Analysis of mice
During the treatment period, blood was taken from the tail vein. For the final analysis, mice were deeply anesthetized using an intraperitoneal injection of tribromoethanol and transcardially perfused. For histological investigations, mice were first perfused with phosphate-buffered saline (PBS) and then with 6% glutaraldehyde in 100 mM phosphate buffer pH 7.4. Tissues were then dissected and processed as described subsequently. For biochemical analyses, mice were perfused with PBS alone. Kidneys, liver, brain, brachial plexus and sciatic nerves were dissected, weighed and frozen. Tissue samples were homogenized in 1Â TBS pH 7.4. Aliquots of the homogenates were used for lipid extraction (discussed subsequently), protein determination (BioRad Dc assay, BioRad, Hercules, USA) and measurements of ASA by ELISA (10) .
Lipid analysis
Aliquots of tissue homogenates (discussed earlier) were centrifuged at 100 000g for 1 h, and the pellet was first extracted with 5 ml chloroform/methanol (C/M) 2:1 (v/v) and then with 5 ml C/M 1:1 at 608C for 4 h in each case. Following evaporation of the solvent, the dry lipids were redissolved in 5 ml MeOH. Alkaline methanolysis was started with 125 ml 4 N NaOH at 378C and stopped after 2 h with 20 ml 100% acetic acid. Lipids were dried and dissolved in 1 ml MeOH. For desalting by reverse-phase chromatography, Lichroprep RP-18 columns (Merck, Darmstadt, Germany) with a bed volume of 1 ml were equilibrated with C/M/0.1 M KCl 6:96:94. After adding one volume of 0.3 M ammonium acetate to the lipid solution, the mixture was loaded onto the column. After washing with 6 ml H 2 O, lipids were eluted with 1 ml MeOH and then with 6 ml C/M 1:1. Aliquots of the lipid extracts were sprayed onto silica gel 60 plates (Merck) using the Automatic TLC Sampler 4 from CAMAG (Muttenz, Switzerland). Loading volumes were normalized on the protein concentration of the crude homogenates used for lipid extraction. Different amounts (0.5 -8 mg) of lipid standards (cholesterol, sphingomyelin and sulfatide, all standards from Sigma) were loaded on separate lanes. After TLC with C/M/H 2 O 70:30:4 as a solvent system, lipids were visualized according to Yao and Rastetter (39) . The plates were scanned with a flat bed scanner (PowerLook III from UMAX Data Systems, Hsinchu, Taiwan), and the intensities of lipid bands were determined with the analysis software Aida 2.11 (Raytest, Straubenhardt, Germany). The amount of cholesterol, sphingomyelin and sulfatide are expressed as arbitrary units, representing the intensities of the respective TLC band after background correction. Statistical analysis was performed using Student's t-test.
Histology
Kidneys, spinal cord and brain were dissected from perfusionfixed mice. For the detection of sulfatides, tissue slices (100 mm thick) were prepared with a vibratome and incubated with alcian blue (Alcec Blue, Sigma-Aldrich, Taufkirchen, Germany) as described earlier (9) . The histochemical conditions (pH 5.7, 300 mM MgCl 2 ) were such as to warrant specific staining of sulfatides (40) . Paraffin sections from kidney blocks were prepared after pre-embedding incubation with alcian blue. Sciatic nerves and kidney samples were embedded in araldite according to routine methods for preparing semithin sections, either with or without pre-embedding incubation in alcian blue. Histological examinations were performed in a blinded manner, without knowledge of the treatment status. Storage in spinal cord was quantitatively analyzed using the image-process software Image J (http:// rsb.info.nih.gov/ij/). For this purpose, a 100 Â 100 mm 2 grid was applied to black-and-white images of alcian blue-stained cross-sections (100 mm thick, 100-fold magnification) and the numbers and sizes of the alcian blue-positive profiles were determined in eight squares located in the gray matter and eight squares located in the white matter. Profiles with a diameter below and above 8 mm (20 pixels under the chosen settings) were separately quantitated to differentiate between (a) the small (,5 mm) sulfatide-storing profiles of oligodendrocyte processes and other cells with low amounts of storage material and (b) the large (.20 mm) deposits typical of phagocytes and neurons severely congested with sulfatide. Statistical analysis was performed using Student's t-test.
Behavior
Rotarod tests were performed as described previously (7) . Briefly, the ability of mice to balance on a slowly rotating rod for .4 min was determined. This was done four times on two consecutive days at a constant speed of six rotations per minute.
Electrophysiological investigations
Nerve conduction of sciatic nerves was studied under anesthesia by established electrophysiological methods (41) . In brief, the CMAP was recorded with two needle electrodes in the foot muscles after distal stimulation of the tibial nerve at the ankle and proximal stimulation of the sciatic nerve at the sciatic notch. Statistical analysis was performed using Student's t-test.
